Abstract-Traumatic brain injury (TBI) can affect bone by influencing the production/actions of pituitary hormones and neuropeptides that play significant regulatory roles in bone metabolism. Previously, we demonstrated that experimental TBI exerted a negative effect on the skeleton. Since mild TBI (mTBI) accounts for the majority of TBI cases, this study was undertaken to evaluate TBI effects using a milder impact model in female mice. Repetitive mTBI caused microhemorrhaging, astrocytosis, and increased anti-inflammatory protective actions in the brain of the impacted versus control mice 2 wk after the first impact. Serum levels of growth regulating insulin-like growth factor 1 (IGF-1) were reduced by 28.9%. Bone mass was reduced significantly in total body as well as individual skeletons. Tibial total cortical density was reduced by 7.0%, which led to weaker bones, as shown by a 31.3% decrease in femoral size adjusted peak torque. A 27.5% decrease in tibial trabecular bone volume per total volume was accompanied by a 34.3% (p = 0.07) decrease in bone formation rate (BFR) per total area. Based on our data, we conclude that repetitive mTBI exerted significant negative effects on accrual of both cortical and trabecular bone mass in mice caused by a reduced BFR.
INTRODUCTION
Traumatic brain injury (TBI) is an increasingly important public health issue and a major cause of death and disability worldwide. Its severity is determined based on the length of loss of consciousness and other neurological problems that occur following the insult [1] [2] . According to a current estimate from the Centers for Disease Control and Prevention, approximately 1.7 million people experience one TBI each year in the United States. Mild TBI (mTBI) accounts for almost 85 percent of all TBI cases [3] . Similar data are obtained by the U.S. military: 2013 statistics from the Defense and Veteran Brain Injury Center showed that more than 280,000 servicemembers had sustained a TBI since the year 2000, and 82 percent of these cases were mTBI. Special attention should be paid to those servicemembers with multiple brain traumas that would have a cumulative effect during their tours of duty. Repeat brain injury is also prevalent in professional sports; 60 percent of retired football players sustained concussions during their career, and approximately 25 percent of them had repeat injury [4] [5] . Animal studies indicate that repetitive mTBI is associated with more severe neurological, pathological, and behavioral changes than single mTBI [6] [7] . Furthermore, these changes evolve long after the initial injuries, recapitulating many features of human TBI. The functional impairment associated with TBI is multifold, and not only cognitive, emotional, and behavioral, but also physical [8] [9] . Since physical activity is important in building and maintaining healthy bones, it is predicted that TBI could influence the skeletal system negatively.
One way TBI contributes to functional impairment is to cause endocrine dysfunction through the hypothalamus [10] . The hypothalamus acts to link the nervous system to the endocrine system via the pituitary gland. The hypothalamus and pituitary glands are tightly integrated in the brain, and damage to the hypothalamus following TBI will affect normal functions of the pituitary. Pituitary dysfunction is relatively common following TBI [11] [12] and present in 25 to 70 percent of the patients following a moderate-to-severe TBI [10] . A common form of pituitary dysfunction is hypopituitarism, i.e., deficiencies of pituitary hormones such as growth hormone (GH), gonadotropins, thyroid-stimulating hormone, and adrenocorticotropic hormone [13] [14] . Pituitary hormones such as GH and downstream players such as liver-produced insulin-like growth factor 1 (IGF-1) are important regulators of bone formation and contribute to peak bone mass [15] [16] [17] [18] [19] . Therefore, reduced production and secretion of pituitary hormones following TBI can negatively affect normal skeletal development.
Besides pituitary hormones, there are neural signals that may place the skeletal system under central control of the hypothalamus. Presumably, these signals relay the negative effect of TBI from the hypothalamus directly to local bone cells. One example is leptin, an adipose tissuederived hormone. Previous studies showed that compared with wild type mice, cancellous bone mass was increased in leptin-deficient ob/ob mice [20] and was decreased in leptin transgenic mice [21] . Central administration of leptin to the brain was able to correct the cancellous bone changes in ob/ob mice at doses that were ineffective when administered peripherally, indicating a pathway originating from the brain [20] . Furthermore, chemical lesions of neurons in the hypothalamus recapitulated the ob/ob phenotype and abrogated the effect of central leptin administration [22] . In contrast to the inhibitory effects of central leptin on bone formation, other studies have demonstrated an important role for peripheral leptin in stimulating bone formation [e.g., [23] [24] . There are other signal systems that may also serve as neural output from the hypothalamus to bone tissues, including the neuropeptide Y and the cannabinoid receptors systems [25] .
In a previous study using a mouse repetitive closed head injury model, we evaluated the effect of experimental TBI on the skeletal system [26] . However, there was a high animal mortality rate because of severe impact parameters used in that study, making the model somewhat different from human TBI where the majority of the cases are mTBI. Therefore, it would be necessary to determine the effects of TBI on the skeletal system using a milder impact model that mimics more closely the brain situation that occurs in the majority of human mTBI patients. Here, we hypothesized that by influencing the production/actions of pituitary hormones and neuropeptides that have significant regulatory functions in bone metabolism, mTBI could adversely affect the skeletal system. Indeed, the findings of this study revealed that repetitive TBI even in a mild form exerted significant negative effects on bone mass, bone structure, and bone strength.
METHODS

Animals
We purchased 4 wk old female C57BL/6J mice from the Jackson Laboratory (Bar Harbor, Maine). The mice were allowed 1 wk to acclimate to the local environment before experiments were performed. All animals were housed in the Veterinary Medical Unit of the Department of Veterans Affairs (VA) Loma Linda HealthCare System under the standard conditions of 14 hr of light, 10 hrs of darkness, with an ambient temperature of 20°C and a relative humidity of 30 to 60 percent.
Traumatic Brain Injury Protocol
The apparatus and TBI protocol were described in a previous study [26] . In this study, we used a 95 g drop weight and 1 m drop height, which were the same as described by Kane et al. for a repetitive mTBI model [27] . As before, weight drop impacts on experimental mice were carried out under isoflurane anesthesia, and control mice received only isoflurane anesthesia. A total of 18 mice (9 experimental and 9 control) were used. The impact to the experimental mice or isoflurane exposure for the control mice was carried out for four consecutive days, one time per day.
Tissue Collection and Processing
In vivo bone parameters of total body and specific skeletal tissues were measured on anesthetized mice 1 and 2 wk after the first impact. After the second measurement, both impacted and control mice were immediately euthanized. Trunk blood, brain, tibias, and femurs were collected. Trunk blood was centrifuged at 10,000g for 15 min at 4°C. The serum was stored at 70°C for IGF-1 assay. The left brain was fixed in 4 percent formaldehyde for 48 h and stored in 1× phosphate buffered saline for histology. The right brain was stored at 70°C for gene expression analysis. Left tibia, right tibia, and left femur were fixed in 4 percent formaldehyde for 48 h and preserved in 1× phosphate buffered saline. Both tibias were first used for micro-computed tomography (micro-CT) analysis, followed by histomorphometric analysis of the metaphyseal region. The left femur was used for bone strength testing. The following procedures were used as previously described: in vivo bone parameter measurements [28] [29] , serum radioimmunoassay for IGF-1 [30] [31] , micro-CT analysis [30] [31] [32] , and histomorphometric analysis [32] [33] . Other procedures employed are described subsequently.
Brain Gene Expression Analysis
RNA was extracted and real-time reverse transcription polymerase chain reaction (RT-PCR) analysis were carried out as previously described for bone [31] . The DNA sequences for the mouse primers were obtained from PrimerBank (http://pga.mgh.harvard.edu/primerbank/) and are listed in Table 1 . We analyzed genes for ionized calcium-binding adapter molecule 1 (IBA1), glial fibrillary acidic protein (GFAP), and the 70 kDa heat shock protein (Hsp70).
Brain Histological Analysis
The left brain was embedded in paraffin. Dorsalventral sectioning of the brain samples was carried out at a thickness of 10 µm. The orientation of the brain section was marked with a tissue-marking dye. The brain sections were then mounted on slides and stained. Prussian blue is a stain that identifies iron in brain tissues, indicating presence of a minor hemorrhage [34] . The
Gomori modification of the Perls method was used for Prussian blue staining [35] . One section from each animal with two major staining areas was scored. Scoring was carried out under a microscope at 10× magnification with a maximum score of 5 for each area and 10 for each section.
Cresyl violet staining was used to demonstrate the nissl substance in the neurons and cell nuclei and was used, in this case, to identify neurons. Staining was conducted according to the nissl staining protocol with paraffin sections from brain and spinal cord described in IHC World (Ellicott City, Maryland) (http://www.ihcworld.com). We scored one section for each animal. Besides visual examination of the section under the microscope for amyloid formation and neuron damage, the section was photographed at 4× magnification on a 3.93 mm 2 area in the middle of the cortex region that was devoid of denta gryrus. The total number of neurons in the area was estimated using Image-Pro Plus software (Media Cybernetics; Rockville, Maryland).
Bone Strength Test
Bone strength was determined using a torsion test. We adapted an Instron DynaMite 8841 servohydraulic materials testing apparatus (Instron; Canton, Massachusetts) in conjunction with the use of the Partner Universal Materials Testing software to perform the strength test on the left femur. First, the femoral epiphyses were cast in a dental resin using a custom mold, which was designed to shape the cast product to fit the 3-jaw chucks in the Instron test apparatus. During the torsion test, the epiphyses were completely immobilized in the chucks, and the diaphysis was accurately aligned. The bone was then twisted around the diaphyseal axis at a constant rate (1 °/s) until a break, which was expected to take place at the weakest point of the bone. The strength of the bone was determined by the ultimate load at failure, i.e., peak torque and angle at the peak torque.
RESULTS
Brain
Histological analysis of the brain sections showed that the impacted mice had significantly higher Prussian blue staining scores than the control mice (2.3 vs 0.6, p = 0.02) (Figure 1) , indicating that more brain areas of the impacted mice had iron deposits, i.e., microhemorrhage. However, the majority of the staining was localized in only a few areas. There appeared to be no visible damage to the brain neurons because the cresyl violet staining showed neither amyloid formation nor apoptotic neurons in the brain sections of the impacted and control mice. In addition, there was no significant difference in the number of neurons between the impacted and control mice (1,350.6 vs 1,429.7/mm 2 , p = 0.29) (Figure 2) . Real-time RT-PCR analysis of two genes recognized as glial cell responders following TBI showed that expression of IBA1 did not change (Figure 3) . However, there was a significant increase in the expression of GFAP (68.0%, p = 0.02) in the impacted versus control mice. Another gene, Hsp70, showed significant upregulation (89.7%, p = 0.05) in impacted mice.
Body and Serum Insulin-Like Growth Factor 1
There were no significant differences in weekly body weight measurements between the impacted versus control mice (data not shown). While the body mass composition was not different between the two groups of mice at the end of the first week, there was a significant reduction in lean body mass (1.8%, p = 0.04) and a significant increase in fat content (9.0%, p = 0.04) 2 wk after the first impact (Figure 4) . The mTBI impact also caused a significant 28.9 percent decrease in the circulating IGF-1 levels in the impacted versus control mice (322.0 vs 452.7 ng/mL, p = 0.05) (Figure 5 ).
Bone Mass Accrual
In vivo bone parameter measurements at 2 wk after the first impact showed that total body, lumbar vertebrae, femur, and tibia all had significant reductions in bone mineral content (from 10.3% in femur to 18.8% in lumbar vertebrae; p = 0.00-0.04) and bone mineral density (from 5.7% in total body to 13.7% in lumbar vertebrae; all p < 0.01) in the impacted versus control mice (Figure 6 ).
Cortical Structure
Micro-CT analysis of the middiaphyseal region of the tibia showed that there was no change in total bone volume (TV), suggesting that bone size had not changed in the impacted mice (Figure 7 ) (all comparisons made to the control mice in the article). However, the impacted mice showed a significantly reduced bone volume (BV) (6.9%, p = 0.01) and total density (7.0%, p = 0.01). Torsion test of the femur showed that the break angle was not significantly different (Figure 8) . However, the reduction in peak torque adjusted by cross-sectional area was significant (31.3%, p = 0.03) even though the bone size was not significantly different between the two treatment groups of mice, suggesting that the cortical bone of the impacted mice had reduced bone strength.
Trabecular Architecture
Micro-CT analysis of the metaphyseal region of the tibia showed that there was no significant difference in TV, consistent with the cortical bone data. However, there were significant reductions in BV (25.3%, p < 0.001), BV per TV (BV/TV, 27.5%, p < 0.001) and connectivity density (42.9%, p < 0.001) in the impacted mice (Figure 9 ). This was due to a decreased trabecular number (Tb.N) (7.8%, p = 0.04) and trabecular thickness (7.7%, p < 0.001) and increased trabecular separation (Tb.Sp) (10.1%, p = 0.04). Histomorphometric analysis of the same tibial region showed similar results, i.e., no change in total area (T.Ar), a significant or close to significant reductions in bone area (36%, p = 0.06), BV/TV (40%, p = 0.05) and Tb.N (37%, p = 0.02), and a significant increase in Tb.Sp (83%, p = 0.05) ( Table 2) . While the bone formation rate (BFR) per bone surface (BFR/ BS) did not show a significant difference, the BFR per T.Ar (BFR/T.Ar) was decreased by 34 percent in the impacted mice, even though this reduction was not significant (p = 0.07) (Figure 10 ).
DISCUSSION
In this study, the effect of repetitive mTBI was evaluated using a mouse model. The mTBI effect was measured histologically as well as through gene expression analysis using samples collected at 2 wk after the first impact. One of the immediate effects in mTBI is brain microhemorrhage. Hemorrhagic volumes determined by a magnetic resonance imaging method with the distribution of extracellular iron as the result of following TBI was found to be correlated with red blood cell accumulation and degradation [34] . Although we indeed found significantly higher Prussian blue staining scores in the impacted versus control mice, indicating that the impact caused more iron deposition and hemorrhage, the Prussian blue staining was mostly localized in just a few areas beneath the impact area on the dorsal side and was not widespread in the brain. Cresyl violet staining is an effective and reliable method to determine the long-term neuronal survival following TBI [36] [37] . No visible neuron damage was revealed with this stain, which was indicated by lack of amyloid accumulation and apoptotic neurons in the brain sections of the impacted and control mice. In addition, there was no significant difference in the number of neurons in brain sections between the two groups of mice.
The inflammatory and glial response of the brain to TBI impact was evaluated using real-time RT-PCR. The weight drop method is a diffuse injury model. Unlike a focal injury model such as the cortical contusion model, the impact is more likely to be widespread in the brain. This justifies our use of real-time RT-PCR to assess the reaction of the whole brain rather than the reaction of localized areas. We used two markers: IBA1 for microglia [38] and GFAP for astrocytes [39] . IBA1 is a gene that is upregulated upon the activation of microglia due to inflammation. Microglia are glial cells that are resident brain macrophages [40] . We did not observe significant changes in IBA1 expression in the impacted brain, suggesting a no or reduced inflammatory reaction and/or the mild nature of the trauma in this model. GFAP is a protein found in the astroglial cytoskeleton and can be used to measure the glial response following TBI. Astroglia are the most abundant type of glial cells, also called astrocytes, in the human brain [41] . The increased or "reactivated" astrocytes, in a process called astrocytosis, play a role in secondary injury following neurotrauma [42] , and astrocytosis could be an early sign of chronic traumatic encephalopathy [27] . Serum GFAP levels predict the clinical outcome of mTBI in children [38] . Consistent with previous studies using immunochemical staining and immunoblot analysis [27, 34] , our real-time RT-PCR studies showed an increased expression of GFAP in the impacted compared with control brain, suggesting that secondary damage might have been underway. We also evaluated the expression of Hsp70, a stress-inducible heat shock protein. Hsp70 has an anti-inflammatory role in brain ischemia [43] . Previously, Hsp70 expression was shown to be increased following controlled cortical impact in a TBI mouse model, and it has a protective role in experimental TBI [44] . Here, we also found that Hsp70 gene expression was increased. Real-time RT-PCR indicated that at 2 wk after the first impact, the inflammation caused by the impact had subsided and molecular changes leading to repair processes may have begun.
In this study, there were no significant changes in the body weight. However, we found that our repetitive mTBI model caused a significant increase in total body fat content and significant reductions in lean body mass and bone mass in the impacted mice. We speculate that increased immobilization because of TBI impact and/or molecular changes in the endocrine system could be contributing factors for these changes. In the endocrine system, TBI causes hypopituitarism, i.e., decreased secretion of pituitary hormones. Deficiency of the anterior pituitary hormone, GH, is one of the most common forms of hypopituitarism [14] . Since circulating GH stimulates the production and secretion of IGF-1 in the liver, GH functions are primarily mediated through IGF-1, and IGF-1 is an anabolic hormone that stimulates the growth of nearly every cell in the body, IGF-1 can be used as a systemic indicator of TBI impact [45] . We measured the serum IGF-1 levels and found that mTBI impact caused a significant decrease at 2 wk after the first impact. The decreased systemic IGF-1 levels would inevitably affect the growth and development of skeletal tissues.
We have previously evaluated the experimental TBI impact on skeletal tissues [26] . The negative effects included reduced bone mass accrual in total body and specific skeletal tissues, changes in cortical structure and trabecular architecture that would reduce their functionality, and reduced expression of bone formation marker genes. Consistent with that study, we found that repetitive mTBI also produced a negative effect on the skeletal system with a similar magnitude of change. However, the milder impact model in the current study caused no mortality and minimal visible damage to the brain compared with the significant mortality rate (22%) caused by the weight drop impact in the previous study.
In order to determine whether the reduced bone mass in the impacted mice would influence bone strength, we used a torsion test, which measures mechanical strength in different orientations compared with three-point bending, which only measures bone strength in one orientation. We found that the strength of bone as measured by peak torque adjusted for bone size was significantly reduced in the impacted mice. The degree of the reduction was similar to our earlier results using three-point bending. These data suggest the mTBI-induced changes in the skeletal structure results in mechanically weaker bones.
Finally, we performed histomorphometric analyses of bone formation and resorption parameters in the tibial trabecular bone. The results seemed to suggest that the negative effects of mTBI on bone were contributed by reduced bone formation rather than increased bone resorption. These results were consistent with the expression analyses of bone formation and bone resorption marker genes in our previous study [26] , which showed the downregulation of the bone formation marker gene, osteocalcin, and no increase in expression of bone resorption genes.
CONCLUSIONS
Repetitive mTBI in a mouse model caused a brain response characterized by microhemorrhage, moderate astrocytosis, no visible neuronal damage, and increased anti-inflammatory protective actions at 2 wk after the first impact. Serum IGF-1 levels were significantly reduced, which could be one contributing factor for the observed significant negative effects mTBI exerted on bone mass, bone structure, and bone strength in the impacted mice. However, the long-term consequences and mechanisms of the mTBI impact on the skeletal system remain to be elucidated.
